We consider the positive ion data gathered by the Voyager Plasma Science experiment in the middle magnetosphere of Jupiter. The experiment measures positive ions with energies per charge between 10 and 5950 V. The observations are analyzed to obtain the mass and charge densities, velocity components, and temperatures of the low-energy plasma population. The reduced data set is discussed in the context of the outstanding questions concerning this plasma population and its dynamics. We find that on the dayside, there exists a transonic to highly supersonic positive ion population which tends to move azimuthally but does not rigidly corotate with the planet. These ions provide the inertia of the magnetospheric plasma inside of-•40 R•. The mass density is everywhere dominated by heavy ions, and the mass density gradient is consistent with outward diffusion from the Io plasma torus via flux tube interchange. The ions tend to be concentrated in a plasma sheet which is associated with the current sheet inferred from the magnetic field observations. The plasma in the sheet is relatively cool (-•20 eV) in comparison with plasma at higher magnetic latitudes (•> 100 eV). In addition to the azimuthal flow pattern, we find a local time asymmetry in the data which we interpret as flow away from the current sheet on the dayside and toward the current sheet on the nightside. This dynamic expansion and contraction of the plasma sheet is presumably driven by the asymmetry in the magnetosphere due to the solar wind interaction.
INTRODUCTION
In 1954, Burke and Franklin [1955] discovered radio emissions from Jupiter at 22.2 MHz. Subsequently, radio observations at decimetric and decametric wavelengths established that Jupiter had a magnetic field, that the field was roughly dipolaf with a symmetry axis tilted about 10 ø with respect to the rotation axis, and that the surface equatorial field strength was between 1 and 10 G. The first attempts to model the Jovian magnetosphere used these magnetic field parameters in conjunction with extrapolations of knowledge of the earth's magnetosphere and of the solar wind at 1 AU. Brice and loannidis [1970] estimated that the distance to the subsolar magnetopause at Jupiter should be •50 Rj (Jovian radii, 1 Rj is taken to be 71,372 km in this work). At the same time they recognized that the Jovian magnetosphere must be inherently different from that of the earth. In Jupiter's magnetosphere these authors found that the plasmapause and magnetopause should essentially coincide. As a result, Jupiter's magnetic flux tubes should remain full of any plasma created within the Jovian magnetosphere, and the plasma should corotate with the planet [Davis, 1947 [Davis, , 1948 .
The first in situ measurements at Jupiter were made by Pioneer 10 and 11 in 1973 and 1974. The most striking global discovery was the inflation of the outer magnetosphere to double the expected size. In addition, Pioneer 10 made the unanticipated discovery that outside of 10 Rj a significantly nondipolaf magnetic field exists with radially distended field lines.
The field distortions were interpreted as being due to the presence of an annular current sheet, warped but rotating rigidly with the planet. The sheet was postulated to be due to the centrifugal forces acting on the low-energy magnetospheric plasma [Smith et al., 1974] Direct measurements of the low-energy positive ions at Jupiter were made by the Pioneer 10 and 11 plasma instrument [Frank et al., 1976] . This instrument measured the energy per charge spectra of positive ions from 100 to 4.8 kV. Assuming that the signal was due to protons, Frank et al. [1976] fit subsonic MaxwellJan distributions to the spectra and extracted densities and temperatures for the inner regions of the magnetosphere. These authors reported densities from 10 to 100 cm -3 and temperatures of the order of 100 eV. The Pioneer observations have been subsequently discussed in the context of a plasma consisting of heavy ions from Io by Hill and Michel [1976] , Neugebauer and Eviatar [1976] , and Goertz and Thomsen [ 1979] .
In addition to direct measurements of the low-energy plasma in the inner magnetosphere, a number of investigators tried to deduce by indirect means the properties of the more rarefied plasma in the middle and outer magnetosphere [e.g., Goldstein, 1977; Walker et al., 1978] . The thrust of these modeling efforts was to infer properties of the low-energy plasma from properties of the magnetic field measurements on Pioneer. Such models produced estimates of mass densities and temperatures in the current sheet, with the various temperature estimates ranging from •1 keV to much greater than 10 keV. ß Just prior to the Pioneer 10 encounter, Brown and Chaffee [1974] reported observations ot' neutral sodium associated with Io. This observation was followed by the discovery of a partial torus of singly ionized sulfur associated with Io [Kupo et al., 1976] . These ground-based observations suggested the possibility of a Jovian plasma population dominated by heavy ions. They also underscored the need for a more complete set of in situ measurements of the magnetospheric plasma at Ju- ticle and field experiments have dramatically increased our knowledge of the characteristics of this plasma. In the present paper we discuss the positive ion measurements obtained by the Plasma Science experiment in the middle magnetosphere of Jupiter (i.e., from ~ 10 to ~40 R j).
INSTRUMENTATION AND SPACECRAFT TRAJECTORY
The Plasma Science (PLS) instrument has been described in detail [Bridge et al., 1977] , and only salient points are summarized here. The experiment consists of four modulated grid Faraday cups and the associated electronics package. Three of the cups are arranged in a symmetric configuration to form the main sensor. The symmetry axis parallels that of the highgain antenna, which is locked on the earth except for short in- It is qualitatively obvious from the trajectory plots that during the inbound approach to the planet a supersonic plasma flowing azimuthally would be detected primarily by the side sensor and not by the main sensor. As the spacecraft is accelerated around Jupiter, such azimuthal flow would be detected by the main sensor cups near closest approach and then lost to the instrument emirely on the outbound trajectory. These remarks can be made quantitative by considering the sensor responses to a cold rotating beam. The response function of a given sensor is essentially that fraction of a cold beam incident on the aperture which would be measured at the collector (normalized to unity at normal incidence). In Figures 1  and 2 we show the response of the A, C, and D cups to a cold, rigidly corotating beam, including aberration due to spacecraft motion. The response of the B cup closely parallels that of the C cup and is not shown. The B and C cup normals are near-mirror images in the Jovian equatorial plane, pointing to the south and to the north of that plane, respectively, until the change of reference star to Arcturus. Although the Voyager 1 and 2 response curves are qualitatively the same, the D cup response for Voyager 2 falls off earlier prior to closest approach, and the A cup response for Voyager 2 is appreciable for a longer time around closest approach.
AN OVERVIEW OF THE DATA ANALYSIS
The analysis of positive ion data in the middle magnetosphere is a complicated process, and we relegate most of the details of that process to Appendices A and B. A few general comments are in order. The electric currents measured by a Faraday cup are velocity space integrals of the product of the ion distribution function, the component of ion velocity into the cup, and the response function of the sensor. Our present data analysis procedure is limited to those situations in which we can sensibly assume that the response function is near unity over the region of velocity space in which f(v) is appreciable. On the inbound trajectories this assumption is usually good for at least one of the four Voyager PLS sensors (for example, the D cup in the middle magnetosphere). For that sensor we can obtain a simple analytic relation between the measured currents and the plasma parameters describing the positive ion distribution functions, e.g., composition, density, temperature, and (in the case of a single sensor) that component of velocity along the sensor look direction (see Appendix A). With such an analytic relation, least squares determination of the plasma parameters from the measured currents is straightforward, although complicated by the fact that the Jovian magnetospheric plasma consists of an admixture of many ionic species. All of the quantitative plasma parameters in the present paper are based on single-sensor analysis. In particular, we will obtain quantitative velocity estimates only for that component of velocity along the sensor normal.
At the outset we emphasize that our main interest is in the fluid parameters of the plasma--that is, total mass densities, pressures, and velocity components. We are not primarily concerned here with the detailed composition of the plasma (see Bagenal and Sullivan [this issue] and Appendix B for details of the composition). However, it is precisely the multispecies composition of the Jovian magnetosphere which makes the data analysis difficult. In terms of mass density, the dominant ionic species in the middle magnetosphere are O 2+, S 3+, O +, and S 2+, and perhaps S +. A Faraday cup is an electrostatic device and thus measures the energy per charge distribution of the positive ions. For a plasma consisting of cold ions with a common velocity, the various ionic species will be separated in energy per charge according to their mass to charge ratios. A cold ionic species with mass number A and charge number Z* will appear at an energy per charge of A/ Z* times the energy per charge of H +. Thus 0 2+ will appear a factor of 8 above H + in energy per charge, S 3+ a factor of 1• above H +, O + and S 2+ a factor of 16 above H +, and S + a factor of 32 above H +. We obtain maximum information from the Faraday cup measurements when the ions are sufficiently cold to allow the resolution of these various peaks in A/Z* (i.e., •>Mach 6 for the heavy ion peaks at 8, 1•, and 16 and .->Mach 2 for the separation of the H + peak from the heavy ions (see Appendix A)). Unfortunately, the well-resolved M mode spectrum in Figure 3 is the exception rather than the rule. Such cold spectra usually occur in the high-density regions associated with plasma sheet crossings. More usually, the heavy ion species are warm enough that we lose resolution in the various peaks in A/Z* but not so warm that the energy per charge resolution between the H + peak and the heavier peaks is lost. In practice, this means that when the plasma is warmer, it is much more difficult to determine the densities, thermal speeds, and velocity components of the heavier ions. In principle, we can still derive an accurate value of the velocity component from the H + peak. Unfortunately, because of the constant AE/E energy width of the instrument measurement channels the energy per charge windows of the M mode are very narrow at low energies, where the H + peak is located. As a result, outside of ~ 15 Rj the signal-to-noise ratio is sufficiently poor in the M mode that the H + peak is usually in the noise, although the heavier species, at higher energies and thus wider energy per charge windows, are still well above noise. They are usually unresolved, however, and without the H + peak it is impossible to separate out in a quantitative fashion the various A/Z* values which comprise the unresolved heavy peaks. The low-resolution L mode, with its much wider energy per charge windows, turns out to be invaluable in this respect. Figure 4 is an example of an L mode spectrum taken just after the M mode spectrum of Figure 3 . The wider channel widths at the lower energies improve the signal-to-noise ratio, and frequently throughout the middle magnetosphere the H + peak is well above noise and well separated from the heavy peak.
In such a situation we can obtain an estimate of the H + velocity component into the sensor and thereby a reasonable estimate of the mass density of the unresolved heavy peaks. From our fits we can also derive a quantitative temperature estimate from the H + peak, which we find is a good index to the temperature of the heavier ions (Appendix B). Thus although the H + ion will turn out to be negligible in terms of the overall magnetospheric dynamics, its presence is important in our analysis, because it is well separated in energy per charge from all other major ions in the Jovian magnetosphere. However, even in the L mode the H + peak is frequently not distinct enough for quantitative analysis. For L mode spectra with no distinct proton peak we can obtain little quantitative information other than an estimate of the total charge density of positive ions (see below). However, we will draw many qualitative conclusions from such spectra.
As a final comment, we note that to obtain all three components of the plasma velocity, we must use information from at least three sensors. In the dayside middle magnetosphere, all sensors except the D sensor are usually significantly oblique to the flow. Thus vector velocities can only be obtained using an analysis based on the response for ions which arrive at large angles to the detector normals. The numerical methods required for a multisensor analysis using the full response are well understood in principle, but they are much more complex to implement than the single-sensor analysis we present here. At present, we cannot quantitatively include in our analysis data from sensors whose normals are significantly oblique to the flow, althoug h we hope to analyze such data in the future. In • particular, we frequently have substantial signals in theseSoblique sensors, and there is a large amount of information to be gained from the analysis of these data. To illustrate this point, we will later take advantage of the symmetry properties of the B and C sensors with respect to the Jovian equatorial plane to obtain some qualitative results about the plasma velocity component perpendicular to that plane. Figure 5 are consistent with the unresolved presence of H + plus heavy ions at roughly these energies. The low-energy shoulder in the D cup is probably H +, with the higher-energy peak due to heavy ions. In the B and C cups the H + shoulder disappears because of projection effects, and the heavy ion peak moves to lower energies and also lower fluxes because of the cup response. For a cold beam the A cup should show no response at this time, and thus the fluxes in the A cup must be due to the finite thermal spread of the beam. We note that the energy per charge limit of 5950 V for the PLS observations refers to normal incidence. For oblique incidence the detectors respond to much higher energies, albeit at a reduced level. For example, in the present case a corotating ion with an energy per charge of 30 kV would not appear at all in the D cup spectra but would appear in the highest channel of spectra in the B and C cups. There may be some indication in Figure 5 of very heavy ionic species in the B and C cup spectra at higher energies per charge (e.g., at mass to charge ratios of 32, 64, or higher [see Sullivan and Bagenal, 1979] Qualitatively, it is clear from these spectra that at this distance the positive ions are reasonably supersonic and moving azimuthally to first order (radial and vertical motions also occur, as we discuss below, although in general these are secondorder effects). This general pattern holds throughout both the Voyager 1 and the Voyager 2 encounters. For future reference, we note that the equal flux levels in the B and C sensors in Figure 5 suggest that the vector velocity is more or less in the Jovian equatorial plane at this time, since the B and C sensors are symmetrically oriented south and north with respect to that plane.
PLASMA OBSERVATIONS IN THE MIDDLE

MAGNETOSPHERE
The Charge Density of Positive Ions
The D cup spectrum in Figure 5 is representative of--70% or more of the L mode spectra obtained during the Voyager 1 encounter. As we discuss in subsequent sections, the remaining 30% of the L mode spectra from Voyager 1 display a distinct separation between H + and the heavy ions and can be analyzed in some depth for temperatures, mass densities, and velocity components. In contrast, the only quantitative parameter that we can derive from spectra such as those shown in Figure 5 
Least Squares Fits
Although the positive ion charge density is of great interest, other quantities (such as the mass density and ion temperature) are of more importance in determining magnetospheric dynamics. We can only obtain information about such quantities from least squares fits to resolved ion spectra. The great variability of the data with respect to temperature, composition, and signal-to-noise ratio precludes fitting all dayside middle magntosphere data with the same level of confidence. The greatest information content is in the resolved M mode spectra, which give the most reliable estimates of the plasma parameters. In order to obtain the best velocity component values we have included in our global study only those M mode spectra with at least two clearly resolved peaks in the heavy ions (usually 10] and 16). We searched through both the Voyager 1 and the Voyager 2 M mode data sets and found 62 such spectra from the former and only 2 from the latter. In the M mode, noise tends to obscure the H + signal, so we only fit to the three heavy ion species in those spectra selected for analysis. The three species are assumed to be O •+, S 3+, and O+; to be comoving; and to have independent temperatures.
To extend this limited data base, we have also visually examined all L mode spectra obtained in the encounters, selecting only those spectra with a well-defined H + peak and a well- We have applied our nonlinear least squares fit analysis to these selected Voyager 1 and Voyager 2 spectra to obtain values of the mass density, bulk velocity component into the side sensor, and temperature of the plasma in the dayside middle magnetosphere. The mass densities so derived, normalized to the proton mass (i.e., essentially in amu cm-•), from both the L and the M mode, are shown by the crosses in Figure 6 for Voyager 1 and in Figure 7 for Voyager 2. We emphasize that even though there is an intrinsic ambiguity in the species identification for a given A/Z* peak (i.e., is the 16 peak S 2+ or O+?), the total mass and charge density determinations are unaffected by that ambiguity (see Appendix A). where m r is the proton mass and e is the proton charge. If is measured for two different species and Un is assumed to be the same for both, then we can solve for •,.,/• and the true velocity Un. In practice, we will obtain the best estimates for by using H + and a heavy species. We estimate the uncertainty in the determination of Vn by using our M mode value (based on the heavy ions alone) and an adjacent L mode estimate of the H + velocity, based on a fit to the proton peak only. We again express the difference between Un and Vn in units of the 0 + thermal speed. The absolute value of this ratio is indicated in Figure 10 by the squares. Not all M modes have a quoted error because there is sometimes no adjacent resolved L mode. The upper limit on the error in V, due to spacecraft potential never exceeds • of a thermal width and is usually much lower. Thus we can quantitatively eliminate spacecraft charging as an explanation for the observed departures from corotation on Voyager 1.
The velocity component results from Voyager 2 show similar departures from corotation. We forego the display of the Voyager 2 velocity results until the discussion section below, where we present them in a more useful format. The coverage from both Voyager spacecraft suggests that the lack of rigid rotation may be a permanent characteristic of the middle magnetosphere on the dayside.
The temperatures found from the L mode analysis of H + for the Voyager 1 and 2 data are shown in Figures 11 and 12 . These figures also contain the O + temperature determinations from the M mode spectra (these are generally comparable to the H + temperatures). The time periods are the same as those used in the density graphs. For reference, we have used arrows to indicate the location of the crossings of the magnetic dipole equatorial plane. These are also given in the density curves (Figures 6 and 7) . In both cases the temperature of the resolved proton component is •<200 eV. The Voyager 1 curve shows large local variations, with the temperature decreasing in the plasma sheet crossings. This variation is not so apparent in the Voyager 2 data. Also, the temperature tends to increase slightly with increasing radial distance.
We find that for the Voyager 1 encounter, the resolved M mode spectra generally occur in the regions where the H + temperatures, as found from the L mode spectra, show decreases (i.e., in the plasma sheet). This is in keeping with the fact that the individual heavy ions are only resolved at large sonic Mach numbers. The absence of decreases in the Voyager 2 temperature profile for H + is consistent with the general absence of resolved M mode spectra in the Voyager 2 data set. Comparing the density profiles (Figures 6 and 7) and the temperature profiles (Figures 11 and 12 ), it appears that during the inbound pass of Voyager 1, large thermal gradients existed across the plasma sheet, with the low-energy plasma being cooler and much more dense inside the sheet than out- 
Qualitative Estimates of Temperature
As we pointed out above, we have been conservative in our selection of spectra for quantitative analysis so as to obtain the best estimates of the departures from rigid corotation on the dayside. Gaps in the temperature profiles in Figures 11 and 12 result from a selection effect based on temperature via the effective Mach number. A Mach 1 proton distribution with a bulk speed of 200 km/s has a temperature of about 200 eV and will not be resolved from the heavy ion signature in the L mode (cf. equation (13)). Yet we have selected L mode spectra for analysis on the basis of their having a resolved proton peak. Thus spectra exhibiting higher temperatures than -100 eV have effectively been eliminated from the data set. To estimate qualitatively the temperature of the ions in the unresolved L mode spectra, we have applied our L mode fit analysis to all spectra in the D cup in the middle magnetosphere, resolved or not. Fits to the unresolved spectra give values for the S 3+ and O + 'temperatures' which are usually below 3 keV. As noted in Appendix B, this temperature estimate in the L mode is always an upper limit because the fit overestimates the heavy ion temperature to account for fluxes due to ionic species known to be present but not included in the fit analysis (e.g., 02+). Where quantitative comparisons with resolved M mode spectra are possible, the L mode estimate of the heavy ion temperatures is typically a factor of 6-10 high. Our qualitative analysis indicates that within 40 Rj of Jupiter the temperature of the magnetospheric plasma in the PLS energy per charge range is typically ~ 1 keV or less, more probably less. This estimate reflects the fact that in almost all cases the distribution functions of the measured spectra peak below 6 keV, a result which is only consistent with a plasma temperature of less than •6 keV [see .
Global Flow Information From Main Sensor Data
In addition to the quantitative least squares fit values of V. from single-sensor analysis, we also have available more qualitative information about the full vector velocity from multiple-sensor analysis. Figure 13 shows an example of multiplesensor data from which we can fairly easily derive an estimate of the vector velocity. These spectra were taken at 21.6 Rj inbound on Voyager 2. They occur some 3 hours earlier in time than the spectra shown in Figure 5 . In the discussion of To put these conclusions on a more quantitative footing, we have analyzed the spectra in Figure 13 From these figures it is clear that in the dayside magnetosphere near noon, there is a marked tendency for plasma flow to be northward when the spacecraft is north of the magnetic dipole plane and southward when the spacecraft is south of that plane; i.e., the flow is away from the current sheet. The amplitude of the difference decreases to zero with decreasing radius and increasing local time toward dusk. In the dusk to midnight sector the difference again increases with increasing radius and increasing local time toward midnight. However, in this sector the plasma flow tends to be northward when the spacecraft is south of the magnetic equator, and vice versa; A more important point is whether the difference in the B and C fluxes is a unique signature of a north/south flow. If the plasma is isotropic in its rest frame, the answer is yes. If the plasma is highly anisotropic, one can think of scenarios where the answer is no. In particular, suppose the plasma is described by a bi-Maxwellian in which the thermal speed along the magnetic field is much greater than the thermal speed perpendicular to the magnetic field. On the dayside below the current sheet the C cup normal is closer to the magnetic field direction, and thus the C cup would sample a broader thermal distribution, with the B cup sampling a narrower distribution.
On the dayside this difference convolved with the finite response of the detectors would produce a larger value of the C ,cup flux below the sheet, and vice versa above the sheet. On the nightside the reversal of the field orientation with respect to the PLS main sensor leads to the B cup normal being closer to the magnetic field direction below the current sheet, and thus the B cup would now sample a broader thermal distribution. On the nightside this difference convolved with the finite response of the detectors would produce a larger value of the B cup flux below the sheet and thus a reversal of the dayside pattern.
To investigate whether this scenario is responsible for the effect we interpret as north/south flow, we have used the simulation program described above and attempted to reproduce observed spectra (e.g., as in Figure 13 ) assuming purely azimuthal flow plus a large field-aligned thermal anisotropy. Although this model does, indeed, yield differences in the total fluxes in the B and C cups, it does not reproduce the spectral shapes in these cups, nor does it reproduce the relative flux levels observed in any three of the cups. In Figure 13 , for example, a highly anisotropic plasma moving azimuthally will, in fact, have a C cup flux greater than the B cup flux, but the D cup flux in all such models is much greater than the C or B cup fluxes, contrary to observation. We conclude from a number of attempts of this sort that the observed difference in the B and C cup fluxes is, in fact, due to a north/south component of the plasma velocity. Quantitative estimates of the magnitude of these velocities on a global basis requires a much more complex least squares analysis of multisensor data, which is in progress. The one quantitative example we quote above in reference to Figure 13 
Detailed Plasma Sheet Observations
We now turn from a discussion of global plasma properties to a detailed examination of the plasma sheet crossings. The plasma sheet is apparently a permanent feature of the Jovian magnetosphere. The fact that it undergoes large temporal variations on the dayside is demonstrated by the less regular structure displayed during Voyager 2 inbound as compared to the structure displayed during Voyager 1 inbound (cf. Figures  6 and 7) . In addition, the sheet itself exhibits a great deal of fine scale structure in the characteristics of the plasma (cf. the spectral plot in Figure 25 in Appendix B covering the Voyager 1 current sheet crossing near 1400 UT on DOY 63).
The most regular variation in the plasma sheet was seen by Voyager 1 in the crossing near 1900 UT on DOY 63. Although the cooling effect is not as pronounced as it is during by about a factor of 3 (i.e., the flow has become super-Affv6nic). This excess is facilitated by both the increased mass density in the plasma sheet and the decreased magnetic field strength in the current sheet. Away from the sheet, where the mass density is lower and the magnetic field strength higher, the flow is sub-Alfv6nic. As we move outward on the dayside in the Voyager 1 encounter, every subsequent crossing shows this transition from sub-Alfv6nic to super-Affv6nic flow. As we move inward from this crossing, the flow is invariably sub-Affv6nic. Interestingly enough, on Voyager 2 the crossings for which we have mass density estimates do not tend to show super-Alfv6nic velocities. We attribute this difference from the Voyager 1 results to lower azimuthal velocities (see below) and to the lack of large mass density enhancements in the plasma sheet between • 12 and ~25 Rj. Figure  14) . The plasma in the first density enhancement near 2315 UT on DOY 63 lies north of the sheet and appears to be moving northward, while that in the second enhancement at 0130 UT on DOY 64 lies to the south and appears to be moving southward. Hence plasma in the 'plasma sheet' may be in a dynamic state of motion relative to the current sheet, and the concept of a quasi-static magnetodisc may not be strictly correct. We discuss this point in more detail below. To first order, the bulk plasma motion is azimuthal on the dayside. In Figure 21 we plot as a function of radial distance the ratio of the observed velocity component into the side sensor to that which would be measured as a result of rigid corotation. Assuming that all of the bulk motion of the plasma is azimuthal (which is true to first order), this gives the ratio of the local to planetary angular velocity, which (according to Hill) is related to the height-integrated Pedersen conductivity
•, in the Jovian ionosphere and the mass injection rate M of the plasma into the magnetosphere.
The plots of normalized plasma angular velocity show three main features. First, at the same radial distance the magnetospheric plasma was rotating more slowly through the dayside during the Voyager 2 passage than during the Voyager 1 passage. In the context of the inertial loading model this implies a smaller height-integrated ionospheric conductivity •,, a larger mass injection rate J•/, or a less distended magnetic field configuration on the dayside. Second, there are indications of local maxima at the plasma sheet crossings. This may be a consequence of Ferraro's isorotation law [Ferraro, 1937] . If inertial loading is the cause of lack of corotation, then by Ferraro's theorem the angular velocity of the plasma should still be a constant along any given field line in the magnetosphere. The larger the L parameter the more torque required for corotation and hence the less the angular velocity. The largest local angular velocity should therefore be that seen during the current sheet crossing. The increase in angular velocity is most apparent in the Voyager 1 data in the combined crossings of both plasma and current sheets at 17 R• (see also Figure 18 ).
Plasma Transport
If the decrease of angular speed with distance from Jupiter is an inertial loading effect, then plasma and angular momentum must be continually transported out of the Jovian magnetosphere. Conceivably, the transport could be convective (e.g., due to a continuous centrifugally driven wind), or the transport could be diffusive (e.g., due to flux tube interchange). There is no evidence for a centrifugally driven plasma wind either on the dayside or within 15 R• of the planet on the nightside. We have already remarked that the principal component of plasma flow in the dayside magnetosphere is azimuthal. There are also radial and north/south flows superimposed on this azimuthal pattern, but these velocity components apparently are zero when averaged over local time (see below) and thus provide no net transport. In addition, Pioneer and Voyager magnetic field measurements in the middle magnetosphere [Smith et al., 1974 [Smith et al., , 1975 of . Away from the sheets the magnetic field This should be true even in the presence of the current sheet dominates the kinetic energy density of the plasma. On Voyager 2 the Affv6nic Mach numbers never exceed unity in those regions for which we have good estimates of the mass density.
Available evidence thus indicates that the balloon mode instability is not operative in the middle magnetosphere and that there is no aperiodic convective plasma transport. As transport is apparently not a result of either a steady or aperiodic 'wind,' it must be diffusive [Siscoe, 1977; . Regardless of the diffusion mechanism, we can estimate an effective diffusion 'velocity' from the continuity equation and the assumption of azimuthal symmetry. Using Hill's best estimate of the injection rate, we can estimate the transport in the plasma sheet at, for example, the crossing at 1900 UT on DOY 63 for Voyager 1. Let the plasma sheet thickness be denoted by T, the L shell parameter by L, and the mass density by p. Then from continuity the outward transport velocity V, is given by Using values of T--2 R j, L --17, p --70 amu cm -3, and M --1030 amu s -1, we obtain V, --13 km/s. This value is consistent with primarily azimuthal flow, and thus the assumption of diffusive transport is not unreasonable.
We expect the radial profile of the mass density in the dayside magnetosphere to reflect the properties of the transport mechanism responsible for the diffusion of plasma outward from the Io torus. The most likely mechanism for transport is flux tube interchange diffusion driven by the centrifugal force on the azimuthally moving plasma. Ioannidis and Brice [1971] argued that corotation could perhaps be enforced even if interchange motions did occur. Conversely, the observation of lack of corotation argues that interchange motions will occur, if energetically favored, inasmuch as the same ionospheric conductance which topologically allows breakdown of corotation will also permit interchange motions. Such motions will drive the radial density gradient to a value consistent with marginal stability against the motion. Furthermore, once ihey are topologically allowed, interchange motions should limit [Piddington and Drake, 1968] .
It can be shown that a full flux tube near the planet, surrounded by vacuum and initially corotating with the planet, will move outward by interchange with empty ones, and in doing so, exhibit an angular speed about the planet in accordance with Hill's [1979] result. However, at some distance Lo the outward velocity would equal the azimuthal velocity and then exceed that velocity at even greater distances. As we have noted, full flux tubes never interchange with toally empty ones, so this line of reasoning gives an upper limit to the outward transport velocity (the same type of calculation, assuming rigid corotation, was performed by Mendis and Axford [1974] ). On the scale of the magnetosphere the process must be diffusive (via convection cells on a small scale [Siscoe and Summers, this issue]), resulting in a configuration of the plasma density which satisfies a marginal stability criterion.
Criteria for marginal stability for centrifugally driven interchange motions have been introduced by Melrose [1967] and Hill [1976] . Assuming a collisionless plasma counterstreaming along dipolaf field lines from an ionospheric source, Hill finds that marginal stability is given by a density distribution in the equatorial plane which falls off as r -9/2. A similar result with a slightly different behavior of the density holds if pressure gradiems drive the instability [Gold, 1959] .
For comparison, in Figure 22 we have plotted the mass density from Voyager 1 on a logarithmic distance scale. The profile is reasonably approximated by an r -9/2 falloff outside of the torus region. This at least suggests that centrifugally driven flux tube interchange determines the density distribution. It should be noted that although Hill derived his result assuming an ionospheric source of plasma, the result should be applicable as long as there is a field-aligned streaming velocity component which increases linearly with distance from the planet. There is a flow velocity component along the field lines (see below), but the flow velocity dependence is not currently known. Perhaps more importantly in terms of interpretation of observations, the marginal stability criterion needs to be rederived, taking into account the field distortions which result from a current sheet. We have also plotted the Voyager 2 density profile in this format . The results are again suggestive of a density profile determined by interchange diffusion.
The Plasma Sheet
On the basis of the Voyager 1 and Voyager 2 encounters, the Jovian plasma sheet is a permanent feature of the middle magnetosphere. However, the sheet obviously undergoes large temporal variations as evidenced by comparison of the Voyager 1 and Voyager 2 data sets (see Figures 6 and 7) . The sheet is characterized by enhanced plasma density overall and a relative enhancement of heavy ions with respect to protons. In addition, the sheet (at least on the dayside) is relatively cool; i.e., the enhancement of heavy ions relative to that of the protons is associated with a cooling of all species. This is true of crossings of the sheet by both Voyager 1 and Voyager 2 and can be qualitatively verified from consideration of individual spectra even when quantitative analysis is not available. Comparing crossings of the sheet, there is also a tendency for the more abrupt crossings to exhibit lower temperatures. The observed flows away from the equatorial current sheet on the dayside and toward it on the nightside are also unexpected. The 'local time asymmetry of the effect suggests an MHD pumping mechanism associated with the compression of the dayside magnetosphere by the solar wind. Without such compression, and in a steady state, the low-energy plasma would distribute itself along a given flux tube so as to balance the pressure gradient against the component of centrifugal force along the field lines. The scale height H for such a distribution is where C• is the sound speed, •0 is the angular speed of the plasma, and • is a dimensionless factor of order unity [Hill and Michel, 1976] . This equilibrium density distribution will be attained within a time scale of order H/C•, or •0-'. However, the plasma sheet is perturbed on this time scale by the dayside compression of the magnetosphere due to the solar wind. In principle, the plasma will never reach quasi-static equilibrium, and the continual imbalance of centrifugal and pressure gradient forces will give rise to a continuous acceleration of the flow away from and toward the magnetic equator.
Although the plasma in each flux tube is in continuous motion, the flow is such that the plasma sheet itself can exhibit a time stationary structure. To see this, we must follow a flux tube in its motion around the planet. As a given flux tube moves from midnight to noon, it will go from a maximally expanded to a maximally compressed configuration. The field constrains the plasma motion in the perpendicular direction, and the compression will be less at higher magnetic latitudes, closer to the planet. Hence the plasma will be accelerated along the field lines and eventually move to higher latitudes, in much the same way as toothpaste rushes out of a squeezed tube. In addition, the component of centrifugal force which confines the plasma to the equatorial plane will continually decrease as the flux tube moves from a stretched configuration far from the planet at midnight to a compressed configuration close to the planet at noon. The combination of these two effects will lead to a continual acceleration of the plasma away from the equatorial plane as the flux tube moves from midnight to noon; however, the flow velocity along the tube and this acceleration are not in phase. For a given flux tube the rate of compression will decrease to zero as the tube moves from dawn to noon, and the acceleration of plasma in the flux tube should correspondingly decrease to zero as the velocity along the field increases. At noon the flux tube will begin to expand, with a corresponding deceleration of the plasma, which will have achieved its maximum speed along the flux tube. At dusk the continuing expansion of the flux tube will have slowed the high-latitude plasma to zero velocity, when it is at its maximum latitudinal extent. As the flux tube moves past local dusk toward midnight, the plasma will begin to fall back toward the magnetic equator, achieving the largest infall velocity at local midnight, where the flux tube, at its greatest expansion, begins to contract again. Near dawn the plasma will have achieved its minimum latitudinal extent with zero velocity, as the contracting flux tube reverses the plasma infall to produce outflow once again. Since this process is cyclic, it involves no net plasma transport from the system. Thus we envision a plasma sheet which is dynamically expanding and contracting. The plasma is accelerated from midnight to noon and decelerated from noon to midnight, with the corresponding velocity away from the equator on the dayside and toward the equator on the nightside. The sheet is therefore thinnest near dawn and thickest near dusk in this simplified model. maximum compression (i.e., noon) and thinnest at minimum compression (i.e., midnight). Any small velocities associated with such a quasi-static process would be zero at noon and midnight and maximal at dawn and dusk. In contrast, the dynamical velocity pattern described above, especially its phase, arises only in the absence of quasi-static equilibrium. The possibility of such a pattern depends on the fact that the solar wind interaction tends to perturb a given flux tube on the same time scale as it takes the plasma to come to static equilibrium.
This picture of a dynamic plasma sheet is, of course, a gross oversimplification. In reality, even the most idealized model of such flow is nonlinear, and the actual interaction between plasma parcels accelerated in this fashion is complex. For example, the outflow velocity obtained from the spectra in Figure 13 is transonic for the protons and probably supersonic for the heavy ions, if they are at the same temperature as H +. A similar supersonic infall on the nightside could lead to (for example) internal shocks. Admittedly, the spectrum in Figure 13 was picked precisely because it exhibited a large nonazimuthal velocity component, and thus the flow here is not typical. However, the example makes apparent the problems in any realistic treatment of the flow. Even so, on the basis of simple physical arguments we are reasonably confident that a proper treatment will produce a velocity pattern whose phase with respect to local time is roughly in accord with our simple model above and thus in accord with the observed phase displayed in Figures 14 and 15. A more serious objection to this model is the question of whether the solar wind interaction can actually produce such effects as deep in the magnetosphere as is indicated in these figures. In part, the answer to such objections lies in theoretical studies of the stability of the magnetodisc to lateral perturbations. In part, the answer also lies in a more complete observational study of the magnitude of this velocity effect as a function of radial distance. Such a study is in progress (S. albert, personal communication, 1980). There is one further dynamical aspect of this hypothesized plasma sheet configuration which is of note. Since the po1oidal flow is principally field aligned and the field lines are appreciably curved in the vicinity of the magnetic equator [Connerhey et al., this issue], there exists along the sheet an inertial force perpendicular to the magnetic field in a meridional plane. In general, regardless of the direction of the flow, this results in a component of centrifugal force which is perpendicular to the magnetic equatorial plane and which acts on the field lines so as to distend them away from that plane, thus increasing the thickness of the current sheet. Hence magnetic tension perpendicular to the magnetic equator is balanced by an inertial force as well as by a pressure gradient force. Therefore a description of the vertical momentum balance in the sheet based on pressure balance alone is, in principle, insufficient, and estimates of the sheet temperature based on pressure balance alone will be overestimates. In practice, the importance of such an effect remains to be evaluated.
In summary, it is clear that the Jovian plasma sheet is a complex structure. In the middle magnetosphere the sheet diffuses plasma and angular momentum outward rapidly enough that the magnetic field lines threading it slip with respect to Jupiter. At energies per charge below 6 kV the ions in the sheet are cold and dense, with sufficient streaming energy to significantly influence the magnetic field topology of the sheet but with essentially negligible thermal energies. Flows away from and toward the equatorial current sheet suggest that the plasma sheet is an inherently time-dependent structure which is not in quasi-static equilibrium [Belcher and McNutt, 1980 ]. An accurat,e assessment of the magnitude of departures from equilibrium requires a complete analysis of vector velocities of the magnetospheric plasma. Such a study is beyond the scope of this work.
Overall, the Jovian magnetosphere has proven to be neither earthlike nor pulsarlike. It is instead a unique plasma construct in many ways, apparently as a result of the venting of heavy ions from the Jovian moon Io. This uniqueness alone makes the Jovian magnetosphere worthy of further scientific inquiry. In addition, its presence in the solar system allows us the opportunity of making in situ observations of plasma confined by a fast magnetic rotator, a subject of general physical and astrophysical interest. heavy ions becomes difficult. This happens in many of the observed spectra. Even here, however, it is easily seen from (7) that as long as all species are within our energy per charge range and reasonably supersonic, then present in the Jovian magnetosphere. We also list the mass to charge ratios for the various ionization states. We can draw some qualitative conclusions about the probable ionization states present in this spectrum as follows. The peak at 8 could Sullivan and Bagenal [1979] have noted that such ratios result from protons, oxygen, sulfur, sodium, and sulfur dioxide. Figure 3 shows some of these characteristic peaks.
As a guide to the interpretation of this spectrum, we list in Table 1 The ion temperature is probably the most ill-defined quantity in this fit, since it is dependent upon the complete definition of the peaks (i.e., is the peak at 16 due to O + or S 2+ or From these and other fits to the dominant ion peaks at 8, 10], and 16 we conclude that neither the assumption of common thermal speed nor that of common temperature is an accurate description of the heavy ions. Although the temperature estimates vary by factors of 2-3 from one case to another, it is important to note that the common velocity component and the values of N+ and N• for these ions are almost totally unaffected by the different assumptions, as we would expect from the discussion in Appendix A.
Ionic species with larger mass to charge ratios than 16 also contribute to the inertia of the plasma, notably Na + at 23 and S + at 32. Usually S + is above our energy per charge range outside of •-10 R•, although it appears in a few M mode spectra (for example, the spectrum at 1550 UT on DOY 63, as shown in the works by Sullivan and Bagenal [1979] and Belcher et al. [1980] ). Estimates of the densities of Na + in the spectrum of Figure 3 and of S + in the 1550 UT spectrum indicate that these species contribute at most 20% to the total inertia of the positive ions. We, of course, expect most of the sulfur to appear as S '+ and S 3+, in any case.
We have also fit an independent MaxwellJan to the H + peak in Figure 3 , obtaining a number density of 0.19 cm -3 and a temperature of 9.4 eV. The H + ions thus constitute less than 15% of the total charge density and less than 1% of the total mass density. The H + thermal speed is far higher than that of the heavy ions, leading to an H + temperature which is comparable to that of O +. This is typical of those few spectra in which simultaneous but independent H + and O + fits to the M mode spectra are possible 
